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ABSTRACT 

Levels of hemoglobin adducts and DNA adducts were measured In 
F344 rats after 4 consecutive daily Lp. injections of 4-(methylnitrosa-' 
mjoo)-l~(3-p>TidyI>-l-butanone (NNK). The dose range was from 3 to 
10,000 fig/Vg/day. (S-^HJNNK and {C S HJNNK were used to measure 
pyridyloxobutylation and methylation, in both globin and DN'A, respec¬ 
tively. In globin, the level of binding increased linearly with dose. Total 
binding of |5-*H|NNK to gJobia was 3.2 to 8900 fmol/mg and total 
binding of IC 3 H A )NNK was 35 to 20,000 fmol/mg* The extents of 
pyridyloxobutylation of both DNA and globin were determined by meas¬ 
uring the amounts of 4-hydroxy-l-(3-pyridyl)-l-butanotie released from 
each, over the dose range 15-5000 Mg/kg/d ay. The levels of 4-hydroxy- 
l-(3-pyridyl)-l-bulanone released were 3.2-650 fntol/mg globtn, 18-3400 
fmoi/mg liver DNA, and 58-2180 fmol/mg lung DNA. 

The extents of DNA oiethylation in both lung and liver were greater 
than pyridyloxobutyUtion. When the dose range was 3-5000 Mg/kg/day, 
the levels of 7-methy]guamne were 0.22-246 pmoU^mol guanine (149- 
167,000 fmol/rag) in liver DNA and 0.23-78 pmol/umal guanine <160- 
53,000 fmol/mg) in lung DNA. In the lung, the ratio of methylation to 
pyridyloxobutylation decreased as the dose decreased. In contrast to 
globin adduct formation, DNA adduct formation did not increase linearly 
with dose; adduct formation was greater at lower doses than would have 
been predicted by extrapolation from higher doses. Thusfnie results of 
this study demonstrate that there was not a linear relationship between 
globtn adduct formation, neither pyridyloxobutylation nor methylation, 
and DNA adduct formation in the liver or the lung of rats treated with 

INTRODUCTION 

Hemoglobin adducts have been suggested as biochemical 
monitors of carcinogen exposure and potentially as a measure 
of genoioxic risk (1, 2). The tobacco specific nitrosamine NNK 3 
is one of the most important carcinogens in tobacco smoke and 
smokeless tobacco products. This nitrosamine induces tumors 
of the iung, liver, nasal cavity, and pancreas in the rat (3-5). 
NNK is metabolically activated to reactive species that bind to 
hemoglobin and to DNA (5-9). The relationship between globin 
binding and DNA binding by NNK metabolites is the focus of 
this study. It is necessary to understand this relationship in 
order to determine what correlation exists between hemoglobin 
binding and DNA adduct formation in target tissues. If one 
could establish such a relationship hemoglobin adduct forma¬ 
tion could be used as a surrogate measure of DNA adduct 
formation. 

In a previous study, globin isolated from rats treated with [5- 
3 H{NNK was shown to be tritium labeled in a dose dependent 
manner. Upon mild base hydrolysis of this globin, approxi¬ 
mately 20% of the tritium was released as HPB. This compound 
has been suggested as an internal dosimeter of NNK uptake 
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and activation in humans exposed to tobacco products (6). | n 
another study, the relationship between globin and DNA alley), 
ation in NNK treated animals was determined at a single dose, 
0.4 mrnoi/kg, administered s.c. Pyridyloxobutylation of liver 
DNA and globin by NNK was measured as released HPB. 
There was 26 times more HPB released from liver DNA than 
from globin, when the results are expressed as pmol/mg mac- 
romolecule (8). DNA alkylation in the lung was not determined 
in that study. 

NNK metabolism in human and animal tissues occurs by 
several pathways (Fig. 1). These include hydroxylation of either 
the methylene or the methyl carbon adjacent to the /V-nitroso 
nitrogen (4). The first results in a methylating species, 4, and 
the second in a 4-(3-pyridyl)-4-oxobutylating species, 5. DNA 
of the liver, lung, and nasal mucosa of NNK treated animals 
contains 7-mGua and O'-rnGua (5, 9). Acid hydrolysis of lung 
and liver DNA from these animals releases HPB (7). The DNa 
adduct from which this compound is derived has not yet been 
characterized. The extent of DNA pyridyloxobutylation at dif¬ 
ferent doses of NNK is unknown. The relative levels of pyri¬ 
dyloxobutylation and methylation of lung and liver DNA will 
be determined in the study presented here. 

The purpose of this study was 3-fo!d: (a) to relate the meas¬ 
ured levels of globin adducts to dose; (6) to relate the levels of 
globin adducts to DNA adducts; and (c) to investigate the 
relationship of methylation to pyridyloxobutylation in DNA 
and in globin. 

MATERIALS AND METHODS 

Chemicals. [5- 3 H]NNK (>98% pure), which contains tritium at po¬ 
sition 5 of the pyridine ring, was used to quantify pyridyloxobutylation 
and release of HPB. (C’HjjNNK (from 2 batches, one >95% and the 
other >98% pure) was used to quantify methylation. They were obtained 
from Chemsyn Science Laboratories, Lenexa. KS, and diluted with 
unlabeled NNK as required (see below). HPB was synthesized as 
described previously (10). O l -mGua was prepared (II). 7-mGua was 
purchased from Sigma Chemical Company (St. Louis, MO). Triocta- 
noin was obtained from Eastman Kodak Company (Rochester, NY) 
and redistilled before use. High purity HC1 was obtained from Pierce 
Chemical Company (Rockford, IL). 

Animal Treatments. Male F344 rats weighing 290-310 g were ob¬ 
tained from Charles River Breeding Laboratories, Kingston, NY. They 
were housed under standard conditions as described (3). Two experi¬ 
ments were performed. In each, groups of 3 rats were given 4 daily i.p. 
injections of NNK in trioctanoin. This procolot was chosen for com¬ 
parison to an earlier study (12). Four h after the last injection, the rats 
were anesthetized with halothane and sacrificed by cardiac puncture, 
and the liver and lung were removed for DNA isolation. Blood was 
collected in a 10 ml syringe containing 1 ml of 0.25 M EDTA at pH 
7.4. In the first experiment, groups or 3 rats were given 4 daily doses 
of |C‘Hj]NNK in ug/kg/day as follows (specific activity, mCi/mmoi); 
Group 1, 150 (1060); Group 2, 300 (550); Group 3, 600 (270); Group 
4, 1.200 (140); Group S, 10,000 (17); or [5- 3 H]NNK as follows; Group 
6, 150 (970); Group 7, 300 (550); Group 8, 600 (270); Group 9, 1,200 
(140); Group 10, 10,000 (17). In the second experiment, groups of 3 
rats were given 4 daily doses of [C 3 HsJNNK as follows: Group 1. 3 
(1060); Group 2, 15 (1060); Group 3, 75 (1060); Group 4, 150 (1060); 
Group 5, 600 (280); Group 6, 5000 (21); or |5- J H)NNK as follows: 
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Fig. 1- Metabolic ar-hydroxylatioR of NNK leading to the methylation or 
pyridyloxobutylation of DNA or globin< 


Group 7, 3 (1200); Group S, 15 (1200); Group 9, 75 (1200); Group 10, 
150 (1200); Group 11, 600 (190); Group 12,5000(34). 

DNA and Clobin Isolation. Previously described methods were used 
to isolate DNA and globin. DNA was isolated by a modified Marmur 

shod (5). Globin was isolated from the hemoglobin solution obtained 
.. jtn purified RBC, by precipitation in acidic acetone (6). The hemo¬ 
globin solution was dialyzed extensively to remove any unbound NNK 
or NNK metabolites. 

Analysis or DNA for 7-mGua, O'-mGua, and HPB. Neutral thermal 
and mild acid hydrolysates of the DNA were prepared as described 
previously (13). Levels of 7-mGua and 0‘-mGua were determined by 
HPLC analysis with detection by a radioactive flow detector (Radio- 
matics instruments, Tampa, FL). The modified bases were separated 
on a strong cation exchange column (Whatman Panisit 10, 4.6 cm x 
25 cm) eluted with solvents A (0.02 m ammonium formate-6% metha¬ 
nol) and B (0.2 M ammonium formate-8% methanol) with a gradient 
from 100% A to 80% A, 20% B in 30 min. The flow rate was 1.0 ml/ 
min. The amounts of methylated guanines, 7-mGua in the neutral 
thermal hydrolysate and 0‘-mGua in the mild acid hydrolysate, were 
determined from the radioactivity which coeluted with standards. A 
neutral thermal hydrolysate of liver DNA from one group was also 
analyzed using a second solvent system. The sample was eluted from 
the strong cation exchange column isocratically with 0.1 m ammonium 
phosphate, pH 2 (5). Guanine was analyzed on the same column with 
isocratic elution by 0.1 m ammonium phosphate, pH 2, containing 10% 
methanol at 1.0 mt/min and detection by UV at 254 nm. 

For analysts of HPB, DNA (3-4 mg) was hydrolyzed in 0.5 ml of 

3 N HC1 and the HPB released was analyzed by HPLC as described 
previously (7). 

Analysts for Methylation and Pyridyloxobutylation of Globin. Total 
binding of (C 3 H,]NNK and |5- 3 H]NNK to globin was determined as 
follows. Giobin was dissolved in 4 ml 0.01 M HC1. Four to six mg 
globin were used for rats which received ^75 ug/kg/day NNK, 40 mg 
when the dose was 15 jig/kg/day and 150-200 mg when the dose was 
3 pg/kg/day. The average radioactivity present in three I-ml aliquots 
was determined by liquid scintillation counting in monofluor (National 
Diagnostics, Somerville, NJ). The protein content of these globin 
solutions was determined using the Bio-Rad (Richmond, CA) protein 
assay and the extent of binding was expressed as fmol (C 3 H,]NNK or 
[S- 3 H]NNK bound per mg protein. HPB released from [5- 3 H]NNK 
labeled globin was determined as described previously (6). Briefly, 20- 
200 mg giobin were dissolved in 0.1 N NaOH and sonicaliy dispersed 
for I h. The solution was then neutralized and the precipitated globin 
was removed by centrifugation. The supernatant was extracted with 
chloroform and analyzed by reverse phase HPLC. When analyzing 
giobin from rats which received the lowest dose of NNK (3 ng/kg/day) 


the chlorotorm extracts oDlamed irum me gloom oi an truce rats were 
combined prior to HPLC analysis. 

To determine the methylation of specific amino acids. 20 mg globin 
were hydrolyzed in 1.5 ml constant boiling 6 n HO at I20‘C for 18- 
20 h. The hydrolysis was performed in 5-ml vacuum hydrolysis lubes 
(Pierce), from which air was evacuated prior to heating in a Reacti- 
Therm heating block F (Pierce). The 6 n HC1 was removed in a 
Speed Vac (Savant Instruments, Farmingdale, NY) and the residue was 
redissolved in 0.5 ml H 2 0. The radioactivity present in 50-til aliquots 
was determined by liquid scintillation counting. The extent of hydrol¬ 
ysis was determined by quantifying phenylalanine in the hydrolysate by 
HPLC analysis on a Waters Cu-fiBondapak column eluted with 50 mM 
ammonium acetate, pH 6.8. Detection was by UV absorbance at 254 
nm. Twenty mg rat globin contain 9.0 umol phenylalanine (14, 15). 


RESULTS 


Globin Binding. Total tritium binding to globin was measured 
after 4 daily i.p. injections of J5- 3 H]NNK or [C’HjJNNJC. The 
range of doses used was 3-10,000 ng/kg/day. The leveis of 
methylation of globin were 3.5-20,000 fmol/mg globin and the 
levels of pyridyloxobutylation 3.2-8,900 fmol/mg globin (Table 
i). Methylation, which accounted for 0.06 to 0.2% of the total 
NNK dose, was up to 4 times higher than pyridyloxobutylation. 
A plot of these data as the log of dose versus the log of binding 
(Fig. 2) is linear (r = 0.996 for methylation and 0.997 for 


pyridyloxobutylation). 

Previously we demonstrated that mild base hydrolysis of 
globin from rats treated with [5- J H]NNK released approxi¬ 
mately 20% of the bound tritium as HPB (6). In the dose range 
studied here, 17-40% of the bound tritium was released as 


HPB. At lower doses the percentage of HPB released was 
greater than at higher doses. These data are presented in Fig. 2 
as the log of dose versus log of HPB released; a linear relation¬ 
ship was observed (r = 0.995). 

Giobin from animals treated with (C 3 Hy]NNK was hydro¬ 
lyzed in acid for analysis of 3 H-amino acids. The amount of 
radioactivity present in the hydrolysate after evaporation to 
dryness was greater than 95% of that in the globin prior to 
hydrolysis. Therefore less than 5% of the tritium bound to 
globin was present as methyl esters of glutamic or aspartic acid. 
The esters would have been hydrolyzed and the [’Hjmethanol 


which formed would have been lost upon evaporation of the 
HC1. The identities of the methylated amino acids are currently 
under investigation. 

DNA Binding. DNA was isolated from the lung and liver of 
each rat. Neutral thermal hydrolysates were prepared from 


Tabic 1 Levels of methylation and pyridyloxobutylation of globin in FS44 rats 
after NNK treatment 


NNK dose" 
[pgfrmolj/kg/day] 

fmol trilium/mg globin* 

HPB 

released 

w 

Methylation 

Pyridylo xo b u cylation 

HPB 

released 

3 (0.0! 5) 

3.5 s 1.6 (3) 

3.2 ± 1.7(3) 

ND r 


15 (0.073) 

19.0 ±4.2 (3) 

9.4 . 3.4 (3) 

3-2* (1) 

34 

75 (0.360 

213 ±66(3) 

54.9 £ 7.4 (3) 

15.9 ± 1.3(3) 

29 

150 (0.73) 

318 ±99 (6) 

80 £ 30 («l 

30.8 ± 6.3 (6) 

38 

300(1.45) 

665 ± 161 (3) 

230 ± 4.0 (3) 

58 ± 9.6 (3) 

25 

600 (2.90) 

1.000 ± 300 (6) 

430 ± 19 (3) 

174 ±66(6) 

40 

1.200 (5.80) 

2,170 ±490 (3) 

884 ± 44 (6) 

230 (2) 

26 

5,000 (24.2) 

7.750 ± 840 (3) 

3,440 ± 350 (6) 

651 ± 164(6) 

19 

10,000 (48.4) 

20.000 (2) 

8,900 ± 2,200 (6) 

1.560 ± 340 (6) 

17 


'Male F344 rats (290-310 g) were given daily i.p. injections for 4 days of 
either [CH-ijJNNK or [5- J H]NNK in trioctanoin and sacrificed 4 h after the final 
injection. See '‘Materials and Methods* for details, 

* Mean ± SD. Numbers of rats analyzed are shown in parentheses. 

e ND. not detected: detection limit. 1.0 fmol HPB/mg giobin. 

* Single value (HPB was not detected in globin of the other two rats in this 
group). 
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Fig. 2. Log plot of ihe levels of tritium in rat glob in, after 4 daily Lp. injections 
(3-10.000 ng/k. g) of either IC’HjJNNK or (5- J HlNNK, and HPB released from 
globin of the latter. 



Tlmt (min) 

Fig. 3. Chromatogram obtained upon reverse phase HPLC analysis of a 
neutral ihermaJ hydrolysate of 1.2 mg DNA isolated from the lung of an F344 
rat 4 h after the last of 4 daily i,p. injections of 75 jig/kg [C , H i JN’NK. 7~mG, 7- 
mGua, 

DNA of rats treated with [C 3 H 3 ]NNK, and 7-mGua was ana- 
lyzed by HPLC with radioflow detection. A representative 
chromatogram from a lung DNA hydrolysate is presented in 
Fig. 3. The radioactive peak at 8.S min coelutes with guanine. 
The radioactivity in this peak is probably due to the incorpo¬ 
ration of ['H|formaldehyde, produced in the metabolism of 
[C J Hj]NNK, into the one carbon pool and then into guanine. 
The exicnt of tritium incorporation into lung DNA was deter¬ 
mined in an acid hydrolysate. The specific activity of guanine 
was less than 0.1 mCi/mmol. This is insignificant relative to 
the specific activity of the [C*Hj]NNK administered to the 
animal and would not contribute to the radioactivity detected 
as 7-mGua, eluting at 20 min. When a portion of the neutral 
thermal hydrolysate of a liver DNA sample was analyzed by 
HPLC using a different solvent system the amount of 7-mGua 
determined was the same. 

The data for lung and liver DNA alkylation are summarized 
in Table 2. In liver, 7-mGua levels increased linearly with dose 
between 75 and 5000 pg/kg/day. In lung, 7-mGua levels were 
similar to those observed in liver, between 3 and 600 Mg/kg/ 
day. The curves for liver and lung in this portion of the dose 
range could be superimposed, as illustrated in Fig. 4. However, 
at doses above 600 pg/kg/day, levels of 7-mGua were lower in 
lung Chan in liver. Mild acid hydrolysates of these samples were 
analyzed for 0 6 -mGua. The data are presented in Table 3. O 4 - 
mGua was not detected in the DNA from the liver or lung of 
animals which received less than 600 pg NNK/kg/day. The 


the |C HijNNK which was used for each dose. At every dost! 
we would have been able to delect O^-rnGua at less than one 
tenth the level of 7-mGua measured. This suggests that 
mGua was repaired at the lower doses administered in thj s 
study. 

DNA isolated from the lung and liver of animals treated w in, 
[5-’H)NNK was hydrolyzed in 0.8 N HC1 and analyzed for HPfi 
released, as an indicator of pyridyloxobutyiation of DNA. Pre¬ 
vious experiments have shown that in rats treated with a single 
dose of 1600 pg/kg of [5-’H]NNK, approximately 50% of the 
radioactivity in hepatic DNA was released as HPB upon acid 
hydrolysis (7). Fifty % or greater of the radioactivity bound to 
both lung and liver DNA was released by acid hydrolysis as 
HPB at the doses studied here. A representative chromatogram 
obtained from lung DNA of a rat treated with [5- 3 H]NNK is 
illustrated in Fig. 5. The major radioactive peak coelutes with 
HPB. In HPLC analysis of some acid hydrolysates a radioactive 
peak eluted at about 5 min. The presence of this peak was 
inconsistent and not dose dependent. Liver DNA hydrolysates 
contained a broad peak which eluted prior to HPB, as previously 
reported (7), but its presence was not consistent or dose de¬ 
pendent. The identities of these two peaks remain to be inves¬ 
tigated. 

The presence and amounts of HPB released from iiver or 
lung DNA of NNK-treated rats were dose dependent and re¬ 
producible between experiments (Table 2). The DNA from the 
liver of one rat which received 1200 pg NNK/kg/day was 
assayed in triplicate. HPB released was 4.12 ± 0-57 (SD) pmol/ 
pmol guanine. This agreed well with the individual determina¬ 
tions on the other rats in this group. At doses of 150-600 pg/ 
kg/day, the levels of HPB released were similar in liver and 
lung (Fig. 6), At doses of 75 pg/kg/day or less, the amount of 
HPB released from lung DNA was greater than that released 
from liver DNA (P < 0.05 at 75 pg/kg/day). As was true for 
DNA methylation, when the dose was greater than 600 pg/kg/ 
day the level of HPB released from liver DNA was higher than 
from lung DNA. At the highest dose of NNK for which DNA 
adduct formation was determined, 5000 pg/kg/day, the levels 
of HPB released from the iiver and lung DNA were not as high 
as would have been expected based on linear extrapolation from 
liver doses. 

The ratio of methylation to pyridyloxobutyiation decreased 
with decreasing dose. This effect was more pronounced in the 
lung than in the liver over the dose range studied. 

DISCUSSION 

The total binding of NNK to globin in rats treated with NNK 
was linear with dose, from 3 to 10,000 pg NNK/kg/day. This 
was true for both methylation and pyridyloxobutyiation of 
globin, although the level of methylation was always greater. 
The release of HPB from this globin was also linear with dose, 
confirming its utility as a dosimeter of NNK exposure. 

In a previous study, total pyridyloxobutyiation of globin was 
measured 24 h after a single i.p, injection of j5-’H)NNK (6). 
The doses used were from 6 to 800 pg/kg and the levels of 
globin binding were between 5 and 750 fmol/mg. If these doses 
were injected on 4 consecutive days, as in the current study, 
one might predict globin binding would range from 20 to 3000 
fmol/mg globin, yet the level of binding we measured was from 
3 to 430 fmol/mg when the dose ranged from 3 to 600 pg/kg/ 
day. Therefore, it appears that the accumulation of |5- 3 H]NNK 
binding to globin is not linear with time. This is consistent with 
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NNK 

dote* 

(*jgA*/day) 


Liver DNa 
tproot/jzmol guanine)* 



Lung DNA 
(pmol/pm&l guanine)* 


7-mGua 

HPB released 

7-mGua/HP8 

ratio 

7-mGua 

HPB released 

7-mGua/HPB 

ratio 

3 

0.22 

ND' 


0.23 

ND* 


15 

0.3i * 0.03 (3) 

0.024 ± 0.009 (3) 

13 

0.64 ± 0.4 (3) 

0.085 

7.5 

75 

1.4 

0.11 ±0.009(3) 

13 

1.85 ± 0.2 (3) 

0.21 ± 0.046 (3) 

8.8 

150 

6.81 ± 2.0 (6) 

0.37 ±0.015(0) 

19 

5.34 ± 0.26(3) 

0.41 ± 0.09 (4) 

13 

300 

15.9 ±4.8 (3) 

0.71 ±0.13(3) 

22 

12.9 ± 2.1 (3) 

0.73 ± 0.13(3) 

18 

600 

31.6 ± 7.9 96) 

1.3 ± 032 (6) 

24 

27.3 ± 6.S (6) 

1.17 ± 0,18 (4) 

24 

1200 

78.2 ± 8.6 (3) 

4.4 ± 0.53 (6) 

18 

35.0 ± 6.5 (3) 

1.64 ±0.46 (6) 

21 

5000 

246 3:43(3) 

5.0 

49 

78.4 ± 4,6 (3) 

3.2 ± 1.5 (5) 

25 


* Mule F34-4 rus (290-310 g) were given daily i.p. injections for 4 days of either [C^HjJNNK or J5- J HJNNK. in trioctinoin and sacrificed 4 h after the final 
injection. See “Materials and Methods’* for details- 

* Mean ± S.D. Numbers in parentheses, number of rats in cases where more than 2 rats were analyzed. 

' ND. noi detected; detection limit, 0.10 pmol HPB/#jmol guanine. 

4 Detection limit. 0.05 pmol HPB/^mol guanine. 



Fig. 4, Comparative levels of 7-mGut ( 7-mG) in lung DNA and liver DNA 
obtained from rats given 4 daily i.p. Injections of fC’HjJNNK. 


_ Table 3 Q*-mGua in fC J H,}NNK treated F344 rats _ 

Specific activity 0*-mGua (pmol/^mol guanine)* 

Dose* of [C'H^NNK - 

(#»g/tg/dayj (mCi/mmol) Liver* Lung* 


sl 50 

1060 

<0.03 

<0.09 

300 

550 

<0.06 

<0.16 

600 

270, 280 

1.1, 1.3, <0.12 

1.12 ±0.4 

1200 

140 

1.9(2) 

3.28 ± 0.38 

5000 

21 

4.1 ±0.8 

6.4, <4.7, <4.7 


Male F344 rats were given daily i.p. injections of [C’HjINNK in trioctanoin 
and sacrificed 4 h after the final injection. 

* DNA samples from three animals were analyzed at each dose, except where 
noted. The limit of detection was determined assuming a radioactive peak of 200 
dpm would be detected. 

r Tbe mild acid hydrolysate analyzed contained between 3 and 4 pmol guanine. 

4 The mild acid hydrolysate analyzed contained between 1 and 2 ^mol guanine. 



Fig. 5. Chromatogram obtained upon reverse phase HPLC analysis of an acid 
hydrolysate of lung DNA (3.5 mg) from an F344 rat 4 h after the last of 4 daily 
i.p. injections of 75 *g/kg IS^HJNNIC 



(jig/kd/day) 



Fig. 6. Comparative levels of HPB released from lung DNA and liver DNA 
obtained from rats given 4 daily i.p. injections of (5- 3 HJNNK. Mean ± SD (Aars); 
when no error Aar only Z points woe averaged. 


our previously reported chronic study (6). 

In contrast to globin, HPB release from liver and lung DNA 
of NNK treated animats was not linear over the dose range 
studied. This may be due to saturation of the enzyme respon¬ 
sible for the metabolism of NNK to a pyridyloxobutylating 
agent in these tissues. At iow doses (£75 ftg/kg/day), the levels 
of HPB released from lung DNA increase relative to those 
released from liver DNA. An explanation for this is the presence 
of a high affinity isozyme in this tissue which is not present in 
the liver. Belinsky ft al have suggested the existence of different 


forms of cytochrome P-450 with varying affinities for NNK 
(12, 16). In one study, which used a protocol identical to ours, 
levels of 0 6 -mGua were measured in !ung DNA at doses be¬ 
tween 300 and 30,000 f,g/kg/dav. An immunoassay was used 
to detect 0 6 -mGua; 3.0 pmol/pmol guanine was measured after 
a dose of 1000 ^g/kg/dav which is comparable to the levels 
reported here (Table 3). 0 6 -mGua was reported to be linear up 
to a dose of 3000 yg/kg/day. Above this dose, the efficiency of 
alkylation, defined as the ratio of alkylation to dose, decreases. 
This was further investigated in a later study (16), in which 
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NNK was administered by s.c. injection, at doses from 30 to 
30,000 frg/kg/day. After 4 days, an increase in melhylarion 
efficiency was observed at doses below I mg/kg/day. This is 
consistent with the 7-mGua levels in lung DNA reported in 
Fig, 4, 

in the study reported here, a similar, although less significant, 
increase in efficiency was measured with respect to pyridylox- 
obutyiation in both lung and liver DNA at doses less than 1200 
Mg/kg/day. A second potentially more relevant change in effi¬ 
ciency occurs at a dose of 75 ^g/kg/day in lung DNA only. 
This is reflected in the decrease in the ratio of 7-mGua to HPB 
in lung DNA which occurs with decreasing dose (Table 2). One 
explanation for this would be the presence of different enzymes 
responsible for the a-hydroxylation of NNK at the methyl and 
methylene carbons and that in the lung the enzyme responsible 
for the former has a high affinity for NNK. 

Despite the relative increase in the amount of HPB released 
from DNA at lower doses, the level of 7-mGua in DNA was 
always greater than the amount of HPB released from DNA. 
The levels of 0 6 -mGua could not be measured in lung DNA at 
doses less than 600 ng/mg/kg, but based on the levels of 
detection (Table 3) they would be less than the levels of the 
HPB releasing adduct. Cri-mGua is known to induce miscoding 
in DNA and its presence in lung DNA is likely to be involved 
in the initiation of lung tumors by NNK. The structure of the 
adduct which produces HPB upon acid hydrolysis is unknown. 
However, at low doses, more comparable to the level of human 
exposure, this adduct is quantitatively significant in lung DNA. 
Therefore it may play an important role in NNK tumorigenesis. 
This remains to be elucidated. 

Independent of which of these DNA adducts is important in 
tumorigenesis, the purpose of this study was to determine if 
one could predict their levels from the levels of meihylation or 
pyridyloxobutylation in globin. The relationship between globin 
methylation and the levels of 7-mGua in lung or liver DNA is 
presented as a log log plgt in Fig. 7. The same relationship for 
pyridyloxobutylation is illustrated in Fig. 8. Both methylation 
and pyridyloxobutylation of DNA in lung or liver were greater 
than that which occurred in globin when the extent of binding 
was expressed as fmol adduct per mg macromolecule. NNK 



Fig. 1. Log log plot of the levels or 7-mGua in lung and liver DNA and total 
tritium in globin after treatment of rats with [C’HjJNNK (3-10.000 pg/kg/day) 
for 4 days. 



Fig. 8. Log log plot of HPB released from globin, after base hydrolysis, ar 
from lung and liver DNA. after acid hydrolysis. Globin and DNA were obtain* 
from rats treated with (5- 3 H|NNK (15-10,000 tt g/kg/day, for 4 days). 

adduct formation in globin is not linearly related to adduc 
formation in liver or lung DNA Over the dose range studiec 
Methylation of liver and lung DNA, below a dose of 150 Mg 
kg/day, is greater than one would predict from higher doses . 
a linear relationship existed. In the lung, DNA methylatio 
decreases relative to globin methylation at doses above 600 Mg 
kg/day. The same is true for pyridyloxobutylation of both lun 
and liver DNA. At lower doses, the amount of HPB release 
from liver DNA essentially parallels that released from globir 
In contrast, the ratio of HPB released from Sung DNA to tha 
released From globin increases with decreasing dose. 

NNK is a carcinogen which requires metabolic activation t 
bind to macromolecules. In addition, like other nitrosamine? 
different tissues differ in their ability to metabolize NNK 
Therefore, we are interested in understanding how levels c 
NNK DNA adducts in the lung, a tissue with a particular! 
high efficiency of NNK metabolism, compare to hemoglobi 
adduct levels. Other studies which directly compare the level 
of hemoglobin and DNA adduct formation by carcinogen 
which required metabolic activation are listed in Table 4. Th 
only nitrosamines which have been studied are N-nitrosodiethv 
lamine and A'-nitrosodimethylamine in mice (1, 17), Thes 
compounds as well as 2-acctylaminofluorene in rats (18) wet' 
found, like NNK, to bind to liver DNA to a greater extent lhai 
to globin. In rats treated with urethan, rrans-4-dimethylamin05 
tilbene, or fluoranthene the levels of globin alkylation wer. 
greater than those in DNA (19-21). Approximately equal ar> 
lation of hemoglobin and liver DNA occurred in mice treatei 
with benzo(a)pvrene or 7-bromomethy!benz(o)anthracene (22 
23). 

Of these compounds, only for 2-acetylaminofluorene am 
rrons-4-dimethylaminostilbene was the correlation between he 
moglobin and DNA alkylation measured over a large dos> 
range, 0.1 to 100 and 0.005 to 100 ^mol/kg body weight 
respectively. For both of these aromatic amines, dose am 
adduct formation in liver DNA and hemoglobin were linearl; 
related, unlike NNK. The amount of information availabf 
comparing hemoglobin binding to DNA binding in extrahepariv 
tissues is quite limited (Table 4). The level of 7-mGua in kidne; 
DNA is greater than the methylation of hemoglobin in rat 
treated with a single relatively high dose of A'-nitrosodimeth 
ylamine. As with the other carcinogens studied, the level o 
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Table 4 iiemojtlobitt and D\4 adduct formation by careinaRirns rcqumitR metabolic Uk nr anon 


Carcinogen 
(dose, species} 

Hemoglobin 

(pmol/mg) 

DNA (pmol/mg) 

Ref. 

Liver 

Other* 

y-Nitrosodimethylaminc (23 *j mol/kg, mouse} 

7.J 

124 

12.4(10 

1 

V-Nitrosodiethylamine (19 *imol/kg. mouse) 

0.093 

1.0 


17 

i-Acetylammofiuorcne (0. l-l00 pmol/kg. mt) 

0.01-4 

1-30 


18 

Benzo(a)pyrent (1.3, 4.0. 12 Mtuol/mouse) 

12. 27. 71 

16, 36. 93 

0.96. 2.8. 4.5(1) 


7-Bromcmeihy1bcnz(a)anthraccne (1-6.5 pmol/kg, mouse) 

0.03-0.35 

0.08-4 


23 

Fluoranthene (0.002-177 ^mol/kg) 

0.0008-1.1 


o.o n or 

21 

mjru-4-Dimcthylaminostilbcnc (O.OOS-lOO ^mol/kg, rat) 

0.001-100 

0.0005-50 


20 

4-Acetyliminostiibene (S ^mol/kg, rat)' 

70 

25 

17 (k) 4 (8). 2 <1| 

24 

Urethan <100, 970, 2900 ^ mol/kg, mouse) 

4.0. 42, 142 

2.3, 6, 55 

30 (.-I''. 34 <k)' 

19 


* Other tissues: (k), kidney: (1), lung; (s), spleen; (g). glandular stomach. 

* DNA adducts detected only in lung at highest dose. 
f Multiple injections twice a week for 6 weeks. 

4 DNA. adducts determined only at highest dose. 


DNA adducts in the liver are greater than that in the DNA of 
extrahepatic tissue. This is not the case for NNK methylation 
or pyridyloxobutylation of lung DNA at doses less than 600 
^g/kg/day. The relationship between globin and lung DNA 
adduct formation by NNK is relevant because NNK is a lung 
carcinogen and may be important in human cancers associated 
with tobacco use. 

The release of HPB from the globin of snufT and cigarette 
users is reported in Paper 1 (25). In order to understand how 
this reflects what occurs in the DNA of these individuals one 
‘t understand the mechanism of globin adduct formation. 
luC question is: do changes in globin adducts reflect changes 
in metabolism in the target tissue? That is, can one use the 
levels of HPB released from hemoglobin of tobacco users as a 
measure of the ability of these individuals to activate NNN and 
NNK to DNA binding species? To answer this question one 
must know where the globin adduct is formed. Is the reactive 
species formed in the liver and transported into the RBC where 
it binds to globin? The transport of a reactive species into RBC 
was demonstrated in vitro for N-nitrosodimethylamine (26). In 
the case of NNK, as the exposure level is lowered, the extent 
of metabolism in the lung increases relative to what occurs in 
the liver. Does this contribute to globin adduct formation? In 
part this depends on the nature of the reactive species which is 
transported and whether or not the RBC itself is involved in 
further metabolism of this compound. 

In this study, we have established the relationship between 
the dose of NNK, a carcinogen requiring metabolic activation, 
and the level of globin adducts as well as the relationship 
between globin adducts and DNA adducts in the lung and liver, 
over a wide dose range. The first relationship is a linear one, 

l the second is not. In the rat, NNK is primarily a lung 
carcinogen at low dose. In humans, NNK is thought to be a 
causative agent for tobacco related lung cancers. Understanding 
the significance of NNK globin adducts to the risk of lung 
cancer in humans requires further mechanistic studies on the 
relationship of these adducts to DNA adducts in the target 
tissue. 
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